predicted molecular mass of 32 kDa, is shown to be highly homologous to genes encoding members of the LysR famil of bacterial transcriptional regulators. A chromosomal disruption of hvrB is shown to result in the failure to regulate expression from the nearby ahcY and orfS genes in response to alterations in light intensity. We show by primer extension mapping that the 5' end of ahcY-specific mRNA defines a promoter region exhibiting sequence similarity to known R. capsulatus promoter elements. Our mutational analysis further demonstrates that hvrB autoregulates its own expression in vivo.
S-Adenosyl-L-homocysteine hydrolase (AdoHcyase) is an enzyme responsible for the reversible hydrolysis of S-adenosyl-L-homocysteine (AdoHcy) to adenosine and homocysteine (8) . AdoHcy is formed as a direct product of transmethylation reactions involving S-adenosyl-L-methionine (AdoMet) (25) and is known to be a potent inhibitor of most AdoMetmediated methyl group transfer reactions. Previously, Sganga et al. (29) cloned and sequenced the gene encoding the AdoHcyase enzyme, ahcY, from the purple, nonsulfur photosynthetic bacterium Rhodobacter capsulatus. The results of their analysis demonstrated that the AdoHcyase primary structure was highly conserved, exhibiting >60% sequence identity between the eubacterial enzyme and its homologs from such evolutionarily divergent species as Caenorhabditis elegans, Dictyostelium discoideum, rat, and human (7, 19, 24) . A mutant strain of R. capsulatus containing a disruption of the ahcYgene (SLB1) was shown to be incapable of growth on minimal medium but viable on complex medium or on minimal medium containing exogenously added methionine or homocysteine (29) . The viability of this strain on complex medium was somewhat surprising in light of the greatly elevated intracellular AdoHcy level that the cells exhibited as a consequence of the absence of AdoHcyase activity (29) . The elevated AdoHcy/ AdoMet ratio should be toxic to many methyl group transfer reactions that occur within the cell.
In photosynthetic bacteria, methylation of the sixth propyl group of Mg-protoporphyrin IX during the synthesis of bacteriochlorophyll is catalyzed by the enzyme S-adenosyl-L-methionine:magnesium protoporphyrin methyltransferase (MPMT) (18) . The reaction is accompanied by a methyl group transfer from AdoMet to Mg-protoporphyrin IX, resulting in the formation of Mg-protoporphyrin monomethylester. Mg-protoporphyrin monomethylester is the first stable intermediate which is unique to the bacteriochlorophyll biosynthetic path-way (15) . Previously, it was shown that a strain lacking AdoHcyase activity synthesizes only low levels of bacteriochlorophyll, indicating that alterations in the intracellular AdoHcy/ AdoMet ratio can affect bacteriochlorophyll biosynthesis (29) . The inhibitory effect of AdoHcy on bacteriochlorophyll synthesis presumably occurs at the level of the MPMT-catalyzed methyl group transfer, which is known to be inhibited by AdoHcy (11, 18) . In this study, we present evidence that ahcY expression is transcriptionally repressed by a high light intensity in a manner that mimics the two-to threefold high-light repression of bacteriochlorophyll synthesis. We also provide evidence of the existence of a second gene, orf5, which is transcribed divergently and regulated inversely from ahcY.
Finally, we also demonstrate that light-mediated regulation of ahcY and orfS is controlled by a nearby open reading frame (ORF) termed hvrB. Sequence analysis of hvrB indicates that the predicted protein product is very similar to a conserved family of trans-acting bacterial regulatory proteins known as the LysR family (17) .
MATERIALS AND METHODS
Strains, culture, and lighting conditions. Bacterial strains used in this study are listed in Table 1 . R capsulatus St. Louis and SLH5 were grown aerobically by culturing cells in a 250-ml flask that contained a 20-ml volume of PYS broth and that was shaken at 300 rpm and 34°C (33, 35) . Photosynthetic cells were grown in 18-ml screw-cap tubes that were illuminated at 34°C with a bank of 60-W incandescent Lumiline lamps. Light intensity was controlled by shading cultures with neutraldensity filters, light intensity being measured with a Weston Instruments Inc. model 755 illumination meter. Cultures were monitored for growth rate by measuring turbidity at various times with a Klett-Summerson spectrophotometer (red filter).
Sequence analysis. Plasmid pMW3.1, which encodes the regulatory gene cluster from which hvrB and orfS were sequenced, has been described elsewhere (29) . Both strands of the hvrB and orf5 genes were sequenced in an M13 subclone with Sequenase and Taquenase sequencing kits in accordance with the manufacturer's directions (United States Biochemical 62 BUGGY ET AL. Reporter plasmid construction. pJB802 was constructed by a two-step cloning procedure (Table 1) . First, a 2.8-kb SmaI restriction fragment which cuts within hvrB and which contains several hundred bases of upstream DNA was isolated from digested pMW3.1 DNA (29) and subsequently ligated into HincII-digested cloning vector pTZ19r, creating plasmid pJB114. Flanking BamHI and HindIII restriction sequences in the pTZ19r polylinker region enabled the reexcision of the 2.8-kb hvrB-containing fragment with BamHI and HindIII; this fragment was then cloned into similar sites present in lacZ fusion vector pNM481 (23) . Finally, a SmaI restriction fragment from pBR322Ql, containing the fl spectinomycin resistance transcription-translation termination fragment, was subcloned into a unique SmaI site, creating plasmid pJB802fQ. Plasmid pCB800fl, which contains an in-frame fusion of the 141st codon of the orfS gene product with 3-galactosidase, was constructed by subcloning a 650-bp XhoI-EcoRI restriction fragment from pMS3.1 (28) into EcoRI-SalI sites of pNM481 (22) . The fl site was subsequently cloned as an EcoRI restriction fragment from pBR322fl (27) into the EcoRI site of pCB800, creating construct pCB800fQ. Plasmid pCB801 was constructed by cloning a 1.7-kbp SmaI-BglII restriction fragment from pMW3.1 into SmaI-BamHI restriction sites in pNM481, creating an in-frame fusion of the 35th codon of ahcY to the lacZ gene. A SmaI restriction fragment containing the fl site was then cloned into a unique XhoI site in pCB801 by digesting pCB801 with XhoI and then filling in the 5'-overhanging ends with deoxynucleoside triphosphates and the Klenow fragment of DNA polymerase, resulting in plasmid construct pCB801fl. Each of the reporter plasmids was transformed into strain TecS and then mobilized into relevant R. capsulatus strains by previously described conjugation techniques (35) .
j3-Galactosidase activity. Cultures were grown either photosynthetically in 18-ml screw-cap tubes or aerobically in 250-ml Erlenmeyer flasks, as indicated above. When appropriate, overnight cultures were subcultured to 5 Klett units in RCV (or RCV supplemented with 150 ,ug of various metabolites per ml). Cultures were subsequently harvested at a cell density of 1.5 x 108 cells per ml, disrupted by sonication, and assayed for ,-galactosidase activity as described previously (35 
RESULTS
Sequence analysis of hvrB. In a previous study, we demonstrated that ahcY was located within a cluster of regulatory genes known to be involved in controlling synthesis of the R. capsulatus photosystem (29) . In an effort to further characterize the regulatory gene cluster, we subcloned and sequenced from cosmid pMS3.1 a 1.9-kb EcoRI-BglII restriction fragment that contained a segment of DNA upstream of ahcY (Fig. 1) . Inspection of the sequence in this region revealed the presence of two ORFs, called orfS and hvrB, of 615 and 878 nucleotides, respectively, that are divergently transcribed from ahcY. Figure  2 shows a codon preference plot (16) generated from the hvrB and orf5 sequences by use of a codon preference table generated from known transcribed R. capsulatus genes (35) . The plot indicates that this sequence indeed forms two adjacent ORFs containing a biased codon usage that is typical of transcribed R. capsulatus genes (35) .
A computer-assisted search of the GenBank data base revealed no entries with significant similarities to the orf5 sequence. However, a search of the GenBank data base with hvrB did reveal that the predicted amino acid sequence of HvrB shares a high degree of sequence similarity with several members of a well-characterized family of bacterial transcriptional regulators known as the LysR family (17) . Proteins of the LysR family share several key distinguishing features: (i) they tend to be approximately 300 amino acids long; (ii) they contain a consensus helix-turn-helix DNA binding motif within a conserved amino terminus; (iii) they generally regulate the transcription of nearby divergently transcribed promoters; and (iv) their intracellular levels tend to be regulated autogenously (10, 17, 32) . As diagrammed in Fig. 1 and 3 , HvrB is typical in many respects of members of this family of regulatory proteins. It is a 292-amino-acid polypeptide that exhibits a high degree of sequence identity in its amino-terminal region to other members of this family (HvrB exhibits >50% sequence identity to the amino-terminal region of AmpR and TrpI, as shown in Fig. 3 ). HvrB also contains a putative helix-turn-helix DNA binding motif in its amino-terminal region (boxed region in Fig. 1 ), as predicted by the method of Dodd and Egan (9) . Also presented below is evidence that HvrB is responsible for controlling expression of the nearby orf5 and ahcY genes, as well as evidence that HvrB autogenously regulates its own expression.
ahcY and orfS expression is light regulated. Members of the LysR family typically regulate tightly linked divergently transcribed genes in response to a metabolic compound that is generated or used by the regulated operon (4, 10, 26) . We therefore set up assays to determine whether the nearby divergently transcribed orf5 and ahcY genes are similarly regulated by HvrB in response to metabolites of the activated methyl cycle. To this end, we created translational reporter plasmid pCB801fl, which contains an in-frame fusion of the 35th codon of ahcYto the E. coli lacZ gene. We first postulated that ahcY expression could be regulated in response to the levels of methyl cycle-associated metabolites, such as AdoHcy, which is the toxic metabolite that is cleaved by the ahcYencoded AdoHcyase enzyme. To address this possibility, we assayed lacZ expression from pCB801fl when this plasmid was present in both the wild-type parent strain, St. Louis, and the ahcY-disrupted strain, SLB1. A previous analysis indicated that strain SLB1 contains a 10-fold elevation in the intracellular level of AdoHcy (29) . Thus, if ahcY expression were regulated in response to the intracellular AdoHcy/AdoMet ratio, then its expression should be altered in SLB1. Surprisingly, the results of ,3-galactosidase assays ( A codon utilization data base obtained from known R. capsulatus genes has been described elsewhere (35) . This plot was generated by use of the statistical program of Gribskov et al. (16) .
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per ml as well as with analogs of metabolites in the methyl cycle to address whether any of these compounds could affect ahcY expression. The results of this analysis ( Table 2 ) also indicated that ahcY expression is not significantly affected by the exogenous addition of these metabolites, at least at the concentrations that we tested. Thus, ahcY expression does not appear to be regulated either in response to the intracellular AdoMet/AdoHcy ratio or by a number of additional metabolites in the activated methyl cycle.
As shown in the study of Sganga et al. (29) , one physiological consequence of disrupting ahcY in R. capsulatus is that it leads to a severe reduction of bacteriochlorophyll biosynthesis. This reduction is presumed to be a consequence of an increase in the intracellular level of AdoHcy, which is known to be a potent inhibitor of a methylation reaction that occurs at the first committed step of the Mg-tetrapyrrole biosynthetic pathway (18) . Since the intracellular level of bacteriochlorophyll is known to be repressed two-to threefold in response to an increase in environmental light conditions (6) , it is possible that the regulation of intracellular AdoHcyase represents a contributing factor by which R. capsulatus regulates photopigment biosynthesis in response to various light conditions. As shown in the bar graphs in Fig. 4 We next assayed gene expression from orf5, v scribed divergently from ahcY in strains grown high-and low-light conditions. We therefore co porter plasmid pCB800fl, in which the sequence first 142 amino acids of the orf5 gene product is f Measurement of ,B-galactosidase expression from wild-type strain St. Louis demonstrated that orf5: sion is indeed regulated fivefold by light inten However, as also indicated in Fig. 4 , this regulatic to that observed for ahcY expression, in that orf5 itz ">DoUU In induced under high-light conditions, whereas ahcY is maxi-::lacZ expresmally induced under low-light conditions. sity (Fig. 4) .
hvrB affects light-mediated regulation of ahcY and orfS. We rn is opposite next constructed a derivative of strain St. Louis (SLH5) which is maximally contains a Kmr gene inserted into the 157th codon of hvrB (see Materials and Methods). This strain was then used to address whether hvrB is involved in the observed light-mediated regulation of the ahcY and orf5 genes. For this analysis, ahcY and orfS expression was measured by assaying ,-galactosidase activity from derivatives of SLH5 that harbored pCB801fl and ahcY pCB800fl. The results of this analysis (Fig. 4) (Fig. 4) .
Primer extension analysis. To better understand the charmxpression was acteristics of a light-regulated promoter, the 5' end of the ahcY mid pCB801fl, transcript was mapped by primer extension (Fig. 6 ). (20) , are indicated in Fig. 7 . Also indicated in Fig. 7 is a 26-bp region of dyad symmetry that overlaps the ahcY -35 promoter region and that could possibly serve as a binding site for the hvrB gene product.
DISCUSSION
In this study, we demonstrate that the expression of two adjacent and divergently transcribed genes, ahcY, encoding the enzyme AdoHcyase, and orf5, a gene of unknown function, is differentially regulated in response to environmental light intensity. Evidence is also presented for the existence of a regulatory gene, hvrB, the product of which is required for the light-dependent activation of both ahcY and orf5.
The predicted amino acid sequence of HvrB exhibits a high degree of sequence similarity to the family of bacterial transcriptional regulatory proteins known as the LysR family (17) . This family is characterized by several criteria (10, 17, 32 If we assume that light intensity is indeed being sensed by HvrB, then we need to address why R. capsulatus cells have developed a mechanism of regulating ahcY expression in response to light intensity. Numerous studies have indicated that photosynthetic bacteria have a complex set of overlapping regulatory factors that tightly control the synthesis of bacteriochlorophyll in response to such factors as oxygen tension, light intensity, and protein synthesis (2, 3, 34, 35) . Surprisingly, several early studies also indicated that alterations in the ability of the cells to synthesize AdoMet have profound effects on the capability of the cells to synthesize bacteriochlorophyll (13, 14, 20) . For example, early inhibitor studies demonstrated that the inhibition of methionine biosynthesis, either by feedback inhibition by threonine or by the addition of the methionine analog ethionine, severely reduced bacteriochlorophyll biosynthesis, even at concentrations that did not impair growth (13, 14) . Similarly, methionine auxotrophs were also shown to lack the capability to synthesize bacteriochlorophyll, even when supplemented with high levels of methionine (20) . A conclusion derived from these early studies was that these treatments interfered with the intracellular level of AdoMet, which consequently resulted in the inhibition of bacteriochlorophyll synthesis. The mechanism of this inhibition is thought to occur at the methylation of Mg-protoporphyrin IX, which is the first committed step of the Mg-tetrapyrrole branch of the bacteriochlorophyll pathway. The enzyme responsible for this reaction, MPMT, is known to be noncompetitively inhibited by AdoHcy at a Ki that is similar to the Km for AdoMet (18, 29) .
Thus, the ability of the cell to alter the AdoHcy/AdoMet ratio could be a controlling factor in the synthesis of bacteriochlorophyll. On the surface, it would appear that high-light repression of ahcY expression could be an important mechanism for controlling bacteriochlorophyll biosynthesis in response to light intensity. However, it should be noted that strains which are disrupted for hvrB appear to exhibit normal, 1.5-to 2-fold in vivo light regulation of bacteriochlorophyll synthesis over the range of intensities that we have tested (6,000 to 120 lx; unpublished data). Thus, although we believe that light regulation of ahcY expression may be a mitigating factor in regulating the synthesis of bacteriochlorophyll, it most likely is only a minor component in a more complex multifaceted process that is responsible for the control of photopigment biosynthesis.
To further our understanding of light-regulated R. capsulatus promoters, of which little is known, we mapped the 5' end of the ahcY-specific mRNA by primer extension. The results ( Fig. 6 and 7) indicate that the start site of ahcY transcription lies in a region with a good match to previously characterized promoter elements in R. capsulatus. Interestingly, at a position 18 to 44 bases upstream of the 5' end of the ahcY mRNA lies a 26-bp region of dyad symmetry which overlaps the ahcY -35 promoter region. Since many DNA binding proteins interact with regions of dyad symmetry, it is possible that this region serves as a binding site for HvrB and subsequently affects the transcription of ahcY and orf5 under different light conditions. Further biochemical studies are needed to determine whether there is a chromophore associated with purified HvrB and if, in fact, HvrB binds to DNA in a light-dependent manner.
